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Despite more than five decades of extensive
studies of thiamin diphosphate (ThDP) en-
zymes, there remain many uncertainties as to
how these enzymes achieve their rate enhance-
ments. Here, we present a clear picture of
catalysis for the simple nonoxidative decarbox-
ylase, oxalyl-coenzyme A (CoA) decarboxylase,
based on crystallographic snapshots along the
catalytic cycle and kinetic data on active site
mutants. First, we provide crystallographic
evidence that, upon binding of oxalyl-CoA, the
C-terminal 13 residues fold over the substrate,
aligning the substrate a-carbon for attack by
the ThDP-C2 atom. The second structure pre-
sented shows a covalent reaction intermediate
after decarboxylation, interpreted as being
nonplanar. Finally, the structure of a product
complex is presented. In accordance with
mutagenesis data, no side chains of the enzyme
are implied to directly participate in proton
transfer except the glutamic acid (Glu-56),
which promotes formation of the 10,40-imino-
pyrimidine tautomer of ThDP needed for
activation.
INTRODUCTION
Oxalyl-coenzyme A (CoA) decarboxylase (OXC) is one of
two enzymes in the oxalate degradation pathway in the
gastrointestinal bacterium Oxalobacter formigenes (Baetz
and Allison, 1989). OXC is a typical thiamin diphosphate
(ThDP)-dependent nonoxidative decarboxylase, convert-
ing oxalyl-CoA to formyl-CoA.
In the catalytic cycle (Figure 1) that is almost certainly
common to all ThDP-dependent enzymes in this family
(Duggleby, 2006), turnover is initiated by activation of
ThDP through deprotonation of C2 in the thiazolium ringStructure 15to give the ylid (1). This is facilitated by a conserved
glutamate, which hydrogen bonds N10 of ThDP and stabi-
lizes the 10,40-iminopyrimidine tautomer where 40-NH can
abstract a proton from C2 (Kern et al., 1997; Lindqvist
et al., 1992). Nucleophilic attack by the cofactor ylid on
the a-carbonyl of the substrate (2) and protonation of the
oxygen atom of the carbonyl then gives rise to a covalent
substrate-ThDP adduct (3). The positively charged thiazo-
lium ring then facilitates decarboxylation to form an
a-carbanion/enamine (4) complex that is protonated at
the a-carbon (5) before C-C bond cleavage takes place
to yield the product (6) and the ylid, completing the
catalytic cycle.
In a previous publication, we reported the first crystal
structure of the OXC holoenzyme, which is a homote-
tramer with each 60 kDa subunit containing one tightly
bound ThDP, Mg2+, and ADP (Berthold et al., 2005). The
presence of ADP is required for maximal decarboxylase
activity, presumably because it stabilizes the functional
conformation of the enzyme. On the basis of this structure,
we suggested a catalytic mechanism for the formation
of formyl-CoA. In addition, we speculated that (1) the 40-
amino group of the pyrimidine ring of ThDP might be
involved in stabilizing the developing negative charge on
the oxygen bound to the a-carbon atom as the substrate
reacts with the ylid intermediate, and (2) that a water
molecule, anchored by hydrogen bonds to the side chains
of Tyr-120, Glu-121, and the main chain carbonyl oxygen
atom of Ile-34, protonates the a-carbanion/enamine inter-
mediate formed after decarboxylation.
Here, we present structures of OXC in complex with its
substrate (2), with its product (6), and with a trapped cova-
lent reaction intermediate (5) (numbering in Figure 1). In
the substrate complex, a ThDP analog, 3-deazathiamin
diphosphate (dzThDP), was replacing ThDP to prevent
turnover, and a reference structure containing only
dzThDP was solved as well. In order to further substanti-
ate these findings, we also present a structure of active
OXC in complex with CoA. By combining the structural
data with kinetic data from several mutated active-site
residues we have gained profound insight into the
catalytic mechanism of OXC., 853–861, July 2007 ª2007 Elsevier Ltd All rights reserved 853
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Crystallographic Snapshots of OXCFigure 1. ThDP Catalysis in Oxalyl-CoA Decarboxylation
1, ThDP-ylid; 2, oxalyl-CoA; 3, predecarboxylation intermediate; 4, a-carbanion/enamine intermediate; 5, formyl-CoA-ThDP covalent complex; 6,
formyl-CoA.RESULTS
Structure of OXC with dzThDP
dzThDP is an extremely efficient inhibitor of ThDP-
dependent enzymes (Leeper et al., 2005; Mann et al.,
2004). The substrate analog is close to identical to
ThDP, but with the nitrogen atom of the thiazolium ring ex-
changed for a carbon atom; the lack of positive charge
prevents formation of the activated ylid and no attack on
the substrate can take place. The charge state of dzThDP,
however, mimics the ylid with an overall neutral thiazolium
ring, and has been shown to bind more tightly than ThDP
to several of the enzymes utilizing the cofactor (Leeper
et al., 2005). To be able to draw conclusions from the
structure of a nonreactive substrate complex containing
dzThDP, we wanted to study changes to the structure
brought about by exchanging ThDP for dzThDP. The
structure of OXC with bound dzThDP, refined to 2.2 A˚
resolution (Table 1), is virtually identical to the holoenzyme
structure solved previously (rmsd, 0.241A˚ for 546 Ca
atoms).
Structure of the Oxalyl-CoA Complex and the CoA
Complex
The substrate binding site in OXC was identified by crys-
tallizing OXC inhibited with dzThDP and then soaking
oxalyl-CoA into the crystals. The structure was refined to
2.0 A˚ resolution. The substrate is bound with the CoA car-
rier in the cleft between the regulatory (R)- and pyrophos-
phate (PP)-domain of one subunit, and, with a length of
approximately 30 A˚, it reaches all the way into the active854 Structure 15, 853–861, July 2007 ª2007 Elsevier Ltd All rigsite where the oxalyl group is well positioned for attack
by the cofactor (Figure 2). No significant reorganization
of the active site takes place upon substrate binding,
and superposition of the holostructure to the substrate
complex results in an rmsd of 0.286 A˚ for 546 Ca atoms.
The only significant structural changes upon substrate
binding are seen at the C terminus of OXC.
The C terminus, residues 553–565, which, in the struc-
ture of the holoenzyme, is flexible and without interpret-
able density (Berthold et al., 2005), organizes upon
substrate binding and folds down over the active site
(Figure 2A). Of a total of 1,070 A˚2 accessible surface of
the substrate, 920 A˚2 is buried upon binding to the en-
zyme; the C-terminal residues contribute approximately
200 A˚2. The side chain of Arg-555 forms a close contact
with the substrate by a hydrogen bond network bridging
between the diphosphate and the 30-phosphate of the
ribose in the CoA moiety (Figure 2B). The main chain of
residue 263–267 forms a loop on the other side of the
ribose ring and keeps it in place by three direct hydrogen
bonds and one linked by a water molecule. The diphos-
phate is positioned between the three arginine residues,
266, 408, and 555. Most of the interactions between the
substrate and protein are formed between the ribose
and diphosphate part of the substrate. There are only
a few hydrogen bonds linked by water molecules to the
rest of CoA.
The oxalyl part of the substrate is precisely positioned
by hydrogen bonds to all three oxygen atoms. One of
the carboxylate oxygen atoms is held by Tyr-483 and
Ser-553 and the other by the main chain amino group ofhts reserved
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Crystallographic Snapshots of OXCTable 1. Data Collection and Refinement Statistics
Ligand complex Substrate Intermediate Product CoA
Cofactor dzThDP ThDP ThDP dzThDP ThDP
Data collection statistics
Resolution (A˚) 152–2.06
(2.17–2.06)
76.0–1.82
(1.92–1.82)
51.92–2.15
(2.27–2.15)
63.89–2.20
(2.32–2.20)
63.89–2.20
(2.32–2.20)
Cell axis a = b, c (A˚) 127.0, 151.8 126.2, 151.9 127.6, 152.0 127.7, 152.4 127.7, 152.1
Rmerge 0.104 (0.503) 0.090 (0.480) 0.100 (0.246) 0.137 (0.430) 0.008 (0.172)
Mean (I)/s (I) 11.8 (2.5) 10.2 (2.0) 9.8 (2.8) 14.5 (2.4) 10.1 (3.8)
Completeness (%) 96.2 (74.2) 99.2 (99.9) 98.8 (96.9) 97.8 (87.8) 99.2 (99.4)
Wilson B-factor (A˚2) 25.4 18.7 26.7 35.0 27.7
Refinement statistics
Resolution (A˚) 30.0–2.06 30.0–1.82 25.0–2.15 30.0–2.2 30.0–2.2
Reflections work/test set 76,781/3,994 112,438/5,831 69,803/3,658 64,803/3,413 65,382/3,439
Number of residues 1,118 1,118 1,115 1,094 1,118
Number of waters 908 1185 615 618 666
Rfact/Rfree (%) 17.4/21.2 15.0/17.6 18.9/23.1 17.7/21.5 19.9/23.8
Rmsd from ideal
Bonds (A˚)/Angles () 0.009/1.34 0.008/1.43 0.009/1.30 0.008/1.26 0.008/1.18
Ramachandran residues in region (%)
Most favored 88.9 89.7 89.5 89.8 89.4
Additional allowed 10.7 9.9 10.1 9.7 10.1
Generously allowed 0.2 0.1 0.2 0.2 0.2
Disallowed 0.2 0.2 0.2 0.2 0.2
Occupancy of ligands 1.0/1.0 0.8/1.0 0.6/0.8 — 1.0/1.0
PDB deposition ID 2ji6 2ji7 2ji8 2ji9 2jib
The space group is P3121 and contains twomonomers in the asymmetric unit. Statistics for the highest resolution shell are given in
parenthesis. Dash indicates that there are no substrate/product ligands in this structure.Ile-34 (Figures 3A and 4A). Tyr-483 is in a strained confor-
mation in the disallowed part of the Ramachandran plot
and Ile-34 is followed by the conserved Pro-35, the amide
of which adopts a cis conformation (Herzberg and Moult,
1991). Consistently, in all determined structures of OXC,Structure 15, 8a water molecule (W1) is observed, bound between the
side chains of Tyr-120 and Glu-121 and the carbonyl oxy-
gen atom of Ile-34.
The substrate Ca-carbonyl oxygen atom makes hydro-
gen bonds to Tyr-120 andW1, bridging to Glu-121 and theFigure 2. OXC in Complex with Oxalyl-
CoA
(A) The OXC tetramer represented with one of
the catalytic dimers in a surface mode.
dzThDP, ADP, and oxalyl-CoA are represented
as balls-and-sticks. The C-terminal organizing
upon substrate binding is shown in red.
(B) The substrate binding site with side chains
interacting with oxalyl-CoA shown as sticks.
Dashed blue lines are hydrogen bonds and
red spheres represent water molecules. The
C-terminal residues after Arg-555 have been
omitted for clarity. The main chain of two resi-
dues in the newly organized C terminus is
shown colored in red.53–861, July 2007 ª2007 Elsevier Ltd All rights reserved 855
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Crystallographic Snapshots of OXCFigure 3. View of the Active Site
(A) Close-up of oxalyl binding.
(B) Structure of the postdecarboxylation intermediate.
(C) Structure of the product complex. For all images, the C terminus after residue Arg-555 has been omitted for clarity. Residues from different sub-
units are colored differently and red spheres represent water molecules.cis-Pro-35 loop. The substrate is thus perfectly positioned
for attack by the activated cofactor with a distance of
approximately 3 A˚ between the substrate Ca atom and
C2 of the ThDP thiazolium ring.
The structure of the CoA complex containing ThDP,
solved to 2.2 A˚ resolution, is virtually identical (rmsd,
0.181 A˚ for 559 Ca atoms) to the substrate complex with
a structured C terminus folded over CoA.
Structure of a Trapped Covalent Intermediate
A transiently accumulated covalent intermediate, formed
after attack of the C2 of the ThDP thiazolium ring on the
substrate Ca atom and after decarboxylation, was trap-
ped in crystallographic freeze-trapping experiments and
refined to 1.8 A˚ resolution (Figures 3B and 4B). No struc-
tural changes compared to the holoenzyme are observed
(rmsd, 0.216 A˚ for 546 Ca atoms) except the ordering of
the C terminus.
The OXC intermediate was best modeled into the elec-
tron density with a nonplanar Ca conformation (Figure 5),
and not as the stabilized enamine previously seen in post-
decarboxylation intermediate complexes of transketolase
(Fiedler et al., 2002), the dehydrogenase of the Thermus856 Structure 15, 853–861, July 2007 ª2007 Elsevier Ltd All rigthermophilius HB8 branched chain a-ketoacid dehydro-
genase complex (Nakai et al., 2004), and pyruvate oxidase
(POX) (Wille et al., 2006). The Ca is best modeled as lying
slightly out of the thiazolium plane, although this observa-
tion is at the limit of the error at this resolution.Whether the
density in the calculated omit map (Figures 4B and 5)
corresponds to a single homogenous intermediate or
a mixture of intermediates at different states can not be
certain, but modeling other intermediate conformations
with varying occupancy does not improve the model and
results in increased amounts of negative electron density
in the difference map.
In the intermediate structure, the Ca-OH and 40-NH of
ThDP form a close contact, with a hydrogen bond dis-
tance of 2.55 A˚. The Ca-OH also makes a hydrogen
bond to Tyr-120 (Figure 3B).
At the approximate positions of the substrate carboxyl
oxygen atoms in the oxalyl-CoA complex, two water
molecules (W2 and W3 in Figure 3B) are bound. W3 also
interacts with Ser-553 and Tyr-483, and W2 makes a
hydrogen bond to the main chain nitrogen of Ile-34. W2
is ideally positioned (2.7 A˚) to have donated a proton
to the Ca atom, and proton transfer to the a-carbanionFigure 4. Annealed Composite Omit Maps
Annealed composite omit maps calculated for the structures shown around the active site in (A) the oxalyl-CoA complex, (B) the postdecarboxylation
intermediate complex, and (C) the product complex. The contour level is 1s. For labeling of residues see Figure 3.hts reserved
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Crystallographic Snapshots of OXCFigure 5. Postdecarboxylation Intermediates—4 and 5 in Figure 1—Viewed along the Thiazolium Plane
Grey carbons represent the nonplanar protonated intermediate (5), and the enamine carbanion form (4) is shown with carbons in cyan. Both interme-
diates have been refined with the covalent postdecarboxylation complex data. The annealed composite omit map is contoured at 1s and shows a
better fit for the protonated intermediate.intermediate is likely to have occurred. The structure thus
presents the covalently bound product (see Discussion).
Structure of the Formyl-CoA Complex
The product complex was formed by soaking crystals of
OXCwith bound ThDP in a solution of formyl-CoA (Figures
3C and 4C). No structural changes in the protein frame-
work are observed when OXC is complexed with formyl-
CoA compared with the holoenzyme other than the order-
ing of the C terminus (rmsd, 0.237 A˚ for 546 Ca atoms). In
the structure of the product complex, there are some rear-
rangements comparedwith the substrate complex around
the CoA sulfur atom (Figure 6). The carbonyl group of
formyl-CoA forms a hydrogen bond via a water molecule
(W2) to the main chain nitrogen of Ile-34.
Kinetic Validation of Active Site Residues Deduced
from the OXC Crystal Structures
Several site-directed OXC mutants and a variant contain-
ing a truncated C-terminal region were expressed and
kinetically characterized by standard methods (Table 2)Structure 15,(Berthold et al., 2005). Catalytic activity was abolished in
the C-terminal truncation mutant and the OXC variant in
whichGlu-56was replaced by alanine. This glutamate res-
idue is strictly conserved in the POX family, and is needed
for ThDPactivation bypromoting formationof the 10,40-imi-
nopyrimidine tautomer of the cofactor, which then facili-
tates deprotonation at C2. Mutation of this glutamate
persistently results in severely reduced activity in all
ThDP-dependent enzymes studied (Killenberg-Jabs
et al., 1997; Wikner et al., 1994). Size exclusion experi-
ments showed that theE56Amutant elutedwith a retention
timecorresponding to that of a dimer. This disruption to the
quaternary structure of OXC might be a consequence of
impaired cofactor binding due to the loss of the important
hydrogen bond between Glu-56 and the N10 of ThDP.
While truncation of the C terminus, disordered in the
holoenzyme, abolished activity, mutation of Arg-555
gave a significant rise in KM without affecting kcat.
Replacement of Tyr-120, Glu-121, Tyr-483, or Ser-553
results in significantly reduced activity of the enzyme
(Table 2) without greatly affecting the KM, showing thatFigure 6. Stereo View of the Aligned Structures
The substrate, intermediate, and product complexes are colored green, pink, and blue, respectively. Water molecules of the three structures are col-
ored the same but in a lighter shade. The C terminus after residue Arg-555 has been omitted for clarity.853–861, July 2007 ª2007 Elsevier Ltd All rights reserved 857
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Crystallographic Snapshots of OXCall four are important for efficient catalysis. However, the
fact that activity is not abolished in any of these mutants
suggests that none of them participate directly in the pro-
ton transfer reactions.
DISCUSSION
C-Terminal Organization upon Substrate Binding
The structure of OXC in complex with CoA reveals that
binding of the carrier CoA is what induces the structural
organization of the C-terminal 13 residues. The presence
of the dzThDP analog, with no net charge and thus mim-
icking the ylid state of ThDP, does not have this effect in
the absence of CoA, suggesting that deprotonation of
ThDP is not inducing this conformational change. Forma-
tion of the ylid was previously suggested to trigger a loop
to close down over the pyruvate dehydrogenase E1 sub-
unit from Escherichia coli (PDH-E1) active site (Leeper
et al., 2005). The C-terminal segment closes down over
the substrate and thus provides much of the binding en-
ergy, which explains why none of the single mutations
have drastic effects on the KM. There are still sufficient
interactions for binding, and the tight binding to the CoA
carrier remains. On the other hand, the OXC mutant with
a truncation of theC terminus can no longer bind substrate
and is inactive. It has previously been suggested for both
acetohydroxyacid synthase and Zymomonas mobilis
pyruvate decarboxylase that the C terminus might play
an important role in the catalytic cycle by moving aside
to let the substrate access the active site and then closing
down during catalysis (Chang et al., 2000; Kim et al.,
2004). We now provide direct structural evidence for this
hypothesis by showing that substrate binding in OXC
clearly induces C-terminal folding.
Substrate Alignment for ylid Attack
The oxalyl binding site is organized to perfectly posi-
tion the substrate for attack by the ThDP-ylid. For the
attack to occur, the negative charge developing on the
Ca-carbonyl oxygen has to be stabilized. The cofactor
Table 2. Summary of Kinetic Data for OXC Mutants
Enzyme KM (mM) kcat (s
1) % WT kcat/KM (s
1 M1)
OXC 23 ± 3.5 88 ± 4 100 3.8 3 106
E56A — — 0 —
Y120F 43 ± 9 7.2 ± 0.6 8.2 1.7 3 105
Y120A 60 ± 14 0.26 ± 0.03 0.3 4.1 3 103
E121Q 18 ± 4 3.3 ± 0.3 3.8 1.8 3 105
E121A 41 ± 8 0.1 ± 0.01 0.1 2.4 3 103
Y483F 40 ± 11 1.7 ± 0.2 1.9 4.1 3 104
Y483A 24 ± 7 1.4 ± 0.1 1.6 5.6 3 104
S553A 21 ± 5 13 ± 1.5 15 6.2 3 105
R555A 66 ± 8 85 ± 4 96 1.3 3 106
D553-565 — — 0.001 —858 Structure 15, 853–861, July 2007 ª2007 Elsevier Ltd All rig40-NH2 was suggested for this task (Berthold et al.,
2005), and here the structural data show this to be proba-
ble. Jordan et al. (Nemeria et al., 2007) also conclude that
the predecarboxylation intermediate exists in its 10,40-
iminopyrimidine form, which also would agree with our
postulated mechanism that the 40-NH2 donates the pro-
ton. The carboxyl group of the substrate is perpendicular
to the positively charged thiazolium ring, which promotes
decarboxylation by permitting overlap of the s- and p*-
orbitals (Dunathan, 1971; Turano et al., 1982). Tyr-120,
Tyr-483, and Ser-553 participate in positioning the oxalyl
group in the active site. Although mutating these residues
only has a minor effect on KM, the turnover is severely
reduced, showing their importance in aligning the sub-
strate favorably for cofactor attack.
Postdecarboxylation Intermediate
A postdecarboxylation intermediate complex could be
observed in crystals soaked with oxalyl-CoA at 4C for
8–10 min; shorter soaks showed no or low occupancy
complexes, and longer soak times resulted in a heteroge-
neous composition of complexes in the crystal where
some of the substrate molecules had turned over to
formyl-CoA. From this, we can conclude that the decar-
boxylation proceeds rapidly, in agreement with existing
proposals for other ThDP-decarboxylases (Jordan and
Nemeria, 2005).
A water molecule, W2, is at 2.7 A˚ distance from the Ca
atom of the intermediate, ideally positioned for transfer of
a proton to a Ca-carbanion intermediate, explaining the
observation that no mutation of residues in the active
site (except Glu-56) abolishes catalysis. Mutations of res-
idues Tyr-120 or Glu-121 have their effect on kcat due to
their importance in firmly positioning the water molecule,
W1. W1 also makes a hydrogen bond to the Ile-34
carbonyl oxygen with the adjacent Pro-35 in the cis-
conformation, an interaction that is crucial for positioning
the Ile-34 NH group (Figure 3). The Ile-34 NH group is
involved in binding substrate, and most importantly, the
water molecule, W2, involved in transfer to the a-carban-
ion intermediate. Tyr-483 and Ser-553 also participate in
positioning W2 via W3, and there is also a significant re-
duction in kcat when these residues are mutated away.
The short distance between water molecules W2 and
W3 (2.5 A˚) suggests that W2 might have some hydroxide
ion character, which would be consistent with a proton
having been transferred to the a-carbanion. What we ob-
servewould thenbe the covalently boundproduct, indicat-
ing that, in the catalytic cycle, product release from the co-
factor is the slowest step of the reaction catalyzed byOXC.
There is also a close contact between Ca-OH and
40-NH, 2.55 A˚, which confirms participation of the 40-
aminogroup of ThDP in proton transfers to and from the
substrate carbonyl oxygen and stabilization of the
intermediate. We suggest that, in OXC, the enamine/a-
carbanion before protonation may be nonplanar and
thus has more a-carbanion character than would a planar
enamine. A planar enamine would not have the proton do-
nor, W2, optimally positioned for proton transfer, and thehts reserved
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zymes in which a planar enamine state has been observed
(Fiedler et al., 2002; Nakai et al., 2004; Wille et al., 2006)
may be explained by the fact that the latter enzymes
require a second ‘‘acceptor’’ substrate. To allow the inter-
mediate to proceed via the energetically more stable
enaminemight then be away for these enzymes to protect
the intermediate from protonation of Ca during binding of
the second substrate. For OXC, on the other hand,
relaxation into the planar enamine structure would only
impede the subsequent step in the mechanism, proton-
ation of Ca. The complete removal of the strain and relax-
ation would then occur only upon product dissociation,
and would drive this process.
Until last year, a planar enamine-like structure was con-
sistently seen in all postdecarboxylation intermediate
structures (Fiedler et al., 2002; Nakai et al., 2004; Wille
et al., 2006). A crystallographic study was then published
in which the decarboxylase subunit of the human a-
ketoacid dehydrogenase complex (BCKDC-E1b), in
complex with several substrate analog intermediates,
consistently showed a nonplanar (and therefore more a-
carbanion-like) structure (Machius et al., 2006). Common
for the BCKDC-E1b analog complexes and the OXC nat-
ural intermediate structure is the fact that the Ca is best
modeled as lying slightly out of the thiazolium plane.
This out-of-plane distortion, as discussed by Machius
et al. (2006), might contribute to restrain the intermediate
into its most active state. When the orbitals are not com-
pletely aligned, the negative Ca charge cannot be as
effectively delocalized into the thiazolium ring, the basicity
of Ca is increased, and the subsequent step of the reac-
tion when Ca is protonated is enhanced. This is likely to
be true in our case also, because it allows the proton
donor (W2) to come close to Ca (2.7 A˚).
The close Ca-OH-to-40-NH contact and out-of-plane
distortion was observed in the predecarboxylation inter-
mediates of PDH-E1 (Arjunan et al., 2006) and POX (Wille
et al., 2006). The authors of these studies claimed that the
strain was a contributing force for the decarboxylation
step and that it would be relaxed upon enamine formation.
Here, we argue that the strained out-of-plane distortion
might persist also in the postdecarboxylation intermediate
of OXC, and could therefore act as a contributing force
throughout the reaction.
Formyl-CoA Release
The reason for the relative stability of the covalent product
intermediate might be the close contact to the 40-amino
group of ThDP. The strained conformation, with the Ca
out of plane with the thiazolium ring and the positive
charge on the thiazolium ring, might be the factors leading
to cleavage of the C2-Ca bond and product release from
the cofactor.
Conclusions on Catalysis in Simple Decarboxylating
ThDP Enzymes
Common to OXC and many other ThDP-dependent en-
zymes catalyzing a decarboxylation, mutations of activeStructure 15, 8site residues, other than the conserved glutamate needed
for activation of the cofactor, hardly ever lead to abolished
activity (Table 2) (Furey et al., 2004; Jordan et al., 2004),
showing that only the cofactor itself is essential for catal-
ysis. In agreement with the postulated mechanism for
OXC in Figure 1 and the structure of the intermediate com-
plex presented here, it has been shown by CD data on
several ThDP enzymes (Jordan and Nemeria, 2005;
Nemeria et al., 2007), and directly observed by NMR
(Kern et al., 1997), that the 40-N atom of the pyrimidine
moiety performsmost of the acid-base reactions involving
the substrate Ca-carbonyl oxygen atom in the reaction
sequence by conversion between the 40-amino and the
10,40-imino form of the cofactor.
OXC and other related simple decarboxylating ThDP
enzymes achieve a significant fraction of their catalytic
power from setting up the central a-carbanion intermedi-
ate for proton transfer to Ca (Zhang et al., 2005). In the
case of OXC, the proton is derived from a bound water
molecule in the active site.
The cis-Pro loop containing Ile-34 has a central role in
the OXC active site by positioning the substrate, the prod-
uct, and the water molecule, W2, donating the proton to
the a-carbanion intermediate. The conformation of the
loop is maintained by a hydrogen bond network involving
the invariant water molecule, W1, in the active site.
There have been several studies reporting on communi-
cation between the active sites through a proton-conduct-
ing channel resulting in alternating site reactivity (Frank
et al., 2004; Jordan, 2004; Jordan et al., 2005). In OXC,
we do not observe a proton conduction channel and we
see no evidence for alternating site reactivity in the struc-
tures ofOXC. Although the electron density of ligands is of-
tenbetter defined inone subunit than in theother due todif-
ferent occupancies, in no case dowe see different species
in the active sites. Transketolase has also been reported to
lack alternating site reactivity (Fiedler et al., 2002).
EXPERIMENTAL PROCEDURES
Protein Expression, Mutagenesis, and Purification
OXC was produced recombinantly in E. coli as described previously
(Berthold et al., 2005, 2006). Site-specificOXCmutantswere produced
by the Quickchange site-directed mutagenesis method (Stratagene) or
theoverlapextensionmethod (Hoet al., 1989), andwere expressedand
purified according toprotocols used for thewild-typeenzyme (Berthold
et al., 2005, 2006). Briefly, this procedure includes affinity chromatog-
raphy on a Blue-sepharose column followed by desalting and further
purification by anion-exchange chromatography. The C-terminal trun-
cation mutant lost the capacity to bind to the affinity column, but could
be retained and purified to homogeneity by ion-exchange chromatog-
raphy. TheOXCapoenzymewaspreparedbydialysis overnight against
50 mM Tris (2-amino-2-(hydroxymethyl)propane-1,3-diol) buffer, pH
8.5, containing 1 mM dithiothreitol and 1 mM EDTA, followed by buffer
exchange into 50 mM MES (4-morpholine-ethanesulphonic acid)
buffer, pH 6.5. No activity was observed for the OXC apoenzyme, or
for apoenzyme incubated with dzThDP and Mg2+, although full activity
was regained when ThDP and Mg2+ was added to the apoenzyme.
Synthesis of Oxalyl-CoA, Formyl-CoA, and dzThDP
Samples of oxalyl-CoA and formyl-CoA were prepared and purified as
described previously (Jonsson et al., 2004). The synthesis of dzThDP53–861, July 2007 ª2007 Elsevier Ltd All rights reserved 859
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2004).
Enzyme Assay
The OXC mutant enzymes were assayed by the previously described
high-performance liquid chromatography point assay monitoring the
formation of formyl-CoA (Berthold et al., 2005). Typically, the enzyme
was diluted with 25 mM sodium phosphate buffer, pH 6.5, containing
300 mM NaCl, to a final concentration of about 0.7 mg/ml, and initial
velocities were recorded as a function of oxalyl-CoA concentration
(10–500 mM).
Crystallization and Complex Formation
Crystallizations were performed by the hanging drop vapor-diffusion
method under conditions very similar to those described previously
for the holoenzyme structure (Berthold et al., 2006). Well diffracting
crystals were produced with a precipitating solution containing 0.5 M
CaCl2, 0.1MBisTris propane (2-[bis(2-hydroxyethyl)amino]-2-(hydrox-
ymethyl)propane-1,3-diol), pH 6.5, and 26% polyethylene glycol
550 monomethyl ether. In contrast to the holoenzyme crystals
(Berthold et al., 2006), no twinning was detected among the com-
plexes. The dzThDP-inhibited (5 mM) OXC crystals were produced
at 20C, while active OXC containing ThDP was crystallized at 4C
through streak seeding after 2 hr equilibration with the well solution.
The lower temperature facilitated the freeze-trapping experiments by
reducing the reaction rate. The CoA complexwas produced by cocrys-
tallization of wild-type OXC with 1 mM CoA.
The soaking experiments were performed by transferring the crys-
tals to a new drop containing 2 ml of 0.2 M BisTris propane, pH 6.5,
and 52% polyethylene glycol 550 monomethyl ether mixed with 2 ml
of 50 mM sodium acetate, pH 5.0, containing either 20 mM oxalyl-
CoA or formyl-CoA. Crystals soaked in this mixture remained unaf-
fectedmore than 12 hr without reduced diffraction quality. The crystals
were flash frozen in liquid nitrogen after desired soaking times, and the
soaking solution was sufficient as cryoprotectant. Soaking times for
the substrate, covalent intermediate, and product complexes were
5 min, 8 min, and 12 min, respectively. dzThDP-inhibited crystals
were used to obtain the substrate complex by soaking rather than
cocrystallization due to the instability of oxalyl-CoA.
Data Collection and Structure Determination
Data were collected at beamline I711 at MAX-lab in Lund, Sweden,
and at ID14 EH1, EH3, and EH4 at the European Synchrotron Research
Facility in Grenoble, France. A summary of all data sets can be found in
Table 1. All data were processed with Mosflm (Leslie, 1992) and then
scaled and further processed with programs in the CCP4 suite
(CCP4, 1994; Vagin and Teplyakov, 1997). Due to slight shifts in length
of cell axes, molecular replacement with the previously solved holo-
structure as search model (PDB code: 2C31), was used for phasing.
The Rfree set was imported from the holoenzyme structure for all
data sets. REFMAC5 (Murshudov et al., 1997) was used for refinement,
and model building as well as water assignment were performed in
COOT (Emsley and Cowtan, 2004). Atomic displacement parameters
were refined in REFMAC by the TLS (translation, libration, screw)
method, with each of the twomonomers in the asymmetric unit treated
as a single TLS group. The soaked ligands were not included until the
end of the refinements. Libraries were created with the Dundee
PRODRG2 server (http://davapc1.bioch.dundee.ac.uk/programs/
prodrg/). Refinement of the covalent intermediate was performed in
parallel with restrains for a planar and tetrahedral conformation around
Ca. The geometric restrains were then loosened toward the end of re-
finement. Annealed omit maps calculated in CNS (Bru¨nger et al., 1998)
were used to confirm the conformations at the active site (Figure 4),
and the geometry of the refined structures were checked with PRO-
CHECK (Laskowski et al., 1993). All figures of protein molecules
were produced with PyMol (DeLano, 2002).860 Structure 15, 853–861, July 2007 ª2007 Elsevier Ltd All rigACKNOWLEDGMENTS
We gratefully acknowledge the European Synchrotron Research Facil-
ity and MAX-lab for beam time allocation. This work was supported by
a grant from the Swedish Research Council—Scientific Council for
Natural Sciences to Y.L., by the National Institutes of Health
(DK61666) to N.G.J.R., and by a studentship from the Biotechnology
and Biological Research Council and Syngenta to M.D.W.
Received: April 25, 2007
Revised: June 1, 2007
Accepted: June 1, 2007
Published: July 17, 2007
REFERENCES
Arjunan, P., Sax, M., Brunskill, A., Chandrasekhar, K., Nemeria, N.,
Zhang, S., Jordan, F., and Furey, W. (2006). A thiamin-bound, pre-
decarboxylation reaction intermediate analogue in the pyruvate dehy-
drogenase E1 subunit induces large scale disorder-to-order transfor-
mations in the enzyme and reveals novel structural features in the
covalently bound adduct. J. Biol. Chem. 281, 15296–15303.
Baetz, A.L., and Allison, M.J. (1989). Purification and characterization
of oxalyl-coenzyme A decarboxylase from Oxalobacter formigenes. J.
Bacteriol. 171, 2605–2608.
Berthold, C.L., Moussatche, P., Richards, N.G., and Lindqvist, Y.
(2005). Structural basis for activation of the thiamin diphosphate-
dependent enzyme oxalyl-CoA decarboxylase by adenosine diphos-
phate. J. Biol. Chem. 280, 41645–41654.
Berthold, C.L., Sidhu, H., Ricagno, S., Richards, N.G., and Lindqvist,
Y. (2006). Detection and characterization of merohedral twinning in
crystals of oxalyl-coenzyme A decarboxylase from Oxalobacter formi-
genes. Biochim. Biophys. Acta 1764, 122–128.
Bru¨nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu,
N.S., et al. (1998). Crystallography & NMR system: a new software
suite for macromolecular structure determination. Acta Crystallogr. D
Biol. Crystallogr. 54, 905–921.
Chang, A.K., Nixon, P.F., and Duggleby, R.G. (2000). Effects of dele-
tions at the carboxyl terminus of Zymomonas mobilis pyruvate decar-
boxylase on the kinetic properties and substrate specificity. Biochem-
istry 39, 9430–9437.
CCP4 (Collaborative Computational Project, Number 4) (1994). The
CCP4 suite: programs for protein crystallography. Acta Crystallogr.
D Biol. Crystallogr. 50, 760–763.
DeLano, W.L. (2002). The PyMOL Molecular Graphics System (Palo
Alto, CA: DeLano Scientific LLC). (http://www.pymol.org).
Duggleby, R.G. (2006). Domain relationships in thiamine diphosphate-
dependent enzymes. Acc. Chem. Res. 39, 550–557.
Dunathan, H.C. (1971). Stereochemical aspects of pyridoxal phos-
phate catalysis. Adv. Enzymol. Relat. Areas Mol. Biol. 35, 79–134.
Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for mo-
lecular graphics. Acta Crystallogr. D60, 2126–2132.
Fiedler, E., Thorell, S., Sandalova, T., Golbik, R., Konig, S., and
Schneider, G. (2002). Snapshot of a key intermediate in enzymatic thi-
amin catalysis: crystal structure of the alpha-carbanion of (alpha,beta-
dihydroxyethyl)-thiamin diphosphate in the active site of transketolase
from Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 99, 591–
595.
Frank, R.A., Titman, C.M., Pratap, J.V., Luisi, B.F., and Perham, R.N.
(2004). Amolecular switch and proton wire synchronize the active sites
in thiamine enzymes. Science 306, 872–876.
Furey, W., Arjunan, P., Brunskill, A., Chandrasekhar, K., Nemeria, N.,
Wei, W., Yan, Y., Zhang, Z., and Jordan, F. (2004). Structure and inter-
subunit information transfer in the E. coli pyruvate dehydrogenasehts reserved
Structure
Crystallographic Snapshots of OXCmultienzyme complex. In Thiamine: Catalytic Mechanisms in Normal
and Disease State, F. Jordan and M.S. Patel, eds. (New York: Marcel
Dekker), pp. 407–432.
Hawksley, D., Griffin, D.A., and Leeper, F.J. (2001). Synthesis of 3-
deazathiamine. Chem. Soc. Perkin Trans. I 1, 144–148.
Herzberg, O., and Moult, J. (1991). Analysis of the steric strain in the
polypeptide backbone of protein molecules. Proteins Struct. Funct.
Genet. 11, 223–229.
Ho, S.N., Hunt, H.D., Horton, R.M., Pullen, J.K., and Pease, L.R. (1989).
Site-directed mutagenesis by overlap extension using the polymerase
chain reaction. Gene 77, 51–59.
Jonsson, S., Ricagno, S., Lindqvist, Y., and Richards, N.G. (2004). Ki-
netic and mechanistic characterization of the formyl-CoA transferase
from Oxalobacter formigenes. J. Biol. Chem. 279, 36003–36012.
Jordan, F., Liu, M., Sergienko, E., Zhang, Z., Brunskill, A., Arjunan, P.,
and Furey, W. (2004). Yeast pyruvate decarboxylase: new features of
the structure and mechanism. In Thiamine: Catalytic Mechanisms in
Normal and Disease State, F. Jordan and M.S. Patel, eds. (New
York: Marcel Dekker), pp. 173–215.
Jordan, F., and Nemeria, N.S. (2005). Experimental observation of
thiamin diphosphate-bound intermediates on enzymes andmechanis-
tic information derived from these observations. Bioorg. Chem. 33,
190–215.
Jordan, F., Nemeria, N.S., and Sergienko, E. (2005). Multiple modes of
active center communication in thiamin diphosphate-dependent en-
zymes. Acc. Chem. Res. 38, 755–763.
Kern, D., Kern, G., Neef, H., Tittmann, K., Killenberg-Jabs, M., Wikner,
C., Schneider, G., and Hubner, G. (1997). How thiamine diphosphate is
activated in enzymes. Science 275, 67–70.
Killenberg-Jabs, M., Konig, S., Eberhardt, I., Hohmann, S., and Hub-
ner, G. (1997). Role of Glu51 for cofactor binding and catalytic activity
in pyruvate decarboxylase from yeast studied by site-directed muta-
genesis. Biochemistry 36, 1900–1905.
Kim, J., Beak, D.G., Kim, Y.T., Choi, J.D., and Yoon, M.Y. (2004).
Effects of deletions at the C-terminus of tobacco acetohydroxyacid
synthase on the enzyme activity and cofactor binding. Biochem. J.
384, 59–68.
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.
(1993). PROCHECK: a program to check the stereochemical quality
of protein structures. J. Appl. Crystallogr. 26, 283–291.
Leeper, F.J., Hawksley, D., Mann, S., Perez Melero, C., and Wood,
M.D. (2005). Studies on thiamine diphosphate-dependent enzymes.
Biochem. Soc. Trans. 33, 772–775.
Leslie, A.G.W. (1992). Recent changes to the MOSFLM package for
processing film and image plate data. Joint CCP4 and ESF-EAMCB
Newsletter on Protein Crystallography, No. 26.Structure 15Lindqvist, Y., Schneider, G., Ermler, U., and Sundstrom, M. (1992).
Three-dimensional structure of transketolase, a thiamine diphosphate
dependent enzyme, at 2.5 A resolution. EMBO J. 11, 2373–2379.
Machius, M., Wynn, R.M., Chuang, J.L., Li, J., Kluger, R., Yu, D., Tom-
chick, D.R., Brautigam, C.A., and Chuang, D.T. (2006). A versatile con-
formational switch regulates reactivity in human branched-chain
alpha-ketoacid dehydrogenase. Structure 14, 287–298.
Mann, S., Perez Melero, C., Hawksley, D., and Leeper, F.J. (2004). In-
hibition of thiamin diphosphate dependent enzymes by 3-deazathia-
min diphosphate. Org. Biomol. Chem. 2, 1732–1741.
Murshudov, G.N., Vagin, A.A., and Dodson, E.J. (1997). Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr. 53, 240–255.
Nakai, T., Nakagawa, N., Maoka, N., Masui, R., Kuramitsu, S., and
Kamiya, N. (2004). Ligand-induced conformational changes and a re-
action intermediate in branched-chain 2-oxo acid dehydrogenase (E1)
from Thermus thermophilus HB8, as revealed by X-ray crystallogra-
phy. J. Mol. Biol. 337, 1011–1033.
Nemeria, N., Chakraborty, S., Baykal, A., Korotchkina, L.G., Patel,
M.S., and Jordan, F. (2007). The 1040-iminopyrimidine tautomer of thi-
amin diphosphate is poised for catalysis in asymmetric active centers
on enzymes. Proc. Natl. Acad. Sci. USA 104, 78–82.
Turano, A., Furey, W., Pletcher, J., Sax, M., Pike, D., and Kluger, R.
(1982). Synthesis and crystal structure of an analogue of 2-(a-lactyl)-
thiamin, racemic methyl 2-hydroxy-2-(2-thiamin ethylphosphonate
chloride trihydrate: a conformation for a least-motion, maximum-
overlap mechanism for thiamin catalysis. J. Am. Chem. Soc. 104,
3089–3095.
Vagin, A., and Teplyakov, A. (1997). MOLREP: an automated program
for molecular replacement. J. Appl. Crystallogr. 30, 1022–1025.
Wikner, C., Meshalkina, L., Nilsson, U., Nikkola, M., Lindqvist, Y.,
Sundstrom, M., and Schneider, G. (1994). Analysis of an invariant
cofactor-protein interaction in thiamin diphosphate-dependent
enzymes by site-directed mutagenesis: glutamic acid 418 in transke-
tolase is essential for catalysis. J. Biol. Chem. 269, 32144–32150.
Wille, G., Meyer, D., Steinmetz, A., Hinze, E., Golbik, R., and Tittmann,
K. (2006). The catalytic cycle of a thiamin diphosphate enzyme exam-
ined by cryocrystallography. Nat. Chem. Biol. 2, 324–328.
Zhang, S., Zhou, L., Nemeria, N., Yan, Y., Zhang, Z., Zou, Y., and
Jordan, F. (2005). Evidence for dramatic acceleration of a C-H bond
ionization rate in thiamin diphosphate enzymes by the protein environ-
ment. Biochemistry 44, 2237–2243.
Accession Numbers
Coordinates and structure factors have been deposited at the Protein
Data Bank under accession codes 2ji6, 2ji7, 2ji8, 2ji9, and 2jib., 853–861, July 2007 ª2007 Elsevier Ltd All rights reserved 861
